Two-dimensional (2D) materials have attracted a great deal of interest in recent years. This family of materials allows for the realization of versatile electronic devices and holds promise for next-generation (opto)electronics. Their electronic properties strongly depend on the number of layers, making them interesting from a fundamental standpoint. For electronic applications, semiconducting 2D materials benefit from sizable mobilities and large on/off ratios, due to the large modulation achievable via the gate field-effect. Moreover, being mechanically strong and flexible, these materials can withstand large strain (> 10%) before rupture, making them interesting for strain engineering and flexible devices. Even in their single layer form, semiconducting 2D materials have demonstrated efficient light absorption, enabling large responsivity in photodetectors. Therefore, semiconducting layered 2D materials are strong candidates for optoelectronic applications, especially for photodetection. Here, we review the state-of-the-art in photodetectors based on semiconducting 2D materials, focusing on the transition metal dichalcogenides, novel van der Waals materials, black phosphorus, and heterostructures.
Introduction
Photodetectors are a key component of many devices we use in our daily life. From imaging to optical communications, we rely on photodetectors to convert the information stored in light into electrical signals that can be processed by standard electronics. Silicon photodetectors are readily integrated in complementary metal-oxide-semiconductor (CMOS) technology, profiting from device miniaturization and scalability which considerably reduce costs and expand the range of applications.
Bulk Silicon photodetectors suffer from the limitations of silicon as a light-absorbing material. Its indirect bandgap of about 1.1 eV limits absorption to the visible and near-infrared part of the electromagnetic spectrum and reduces its efficiency. To achieve sizable responsivities, photodetectors based on bulk silicon rely on a thick channel, making the photodetector fully opaque. Silicon is also a brittle material in bulk, precluding its use in bendable device concepts. Other 3D materials, like InGaAs and related heterostructures, are also currently employed in photodetectors. While they allow efficient detection of IR wavelengths, they share most of silicon drawbacks and add a sizable increase in cost due to fabrication complexity.
Novel, nanoscale semiconducting materials are needed to overcome the limitation of bulk silicon for photodetection. For instance, nanostructured silicon [1] and especially Si nanowires [2] have shown in the past years the possibility to realize bendable and transparent devices. More recently, silicene (a single layer of silicon atoms) has been successfully used to fabricate FETs, opening the door to the study its opto-electronic properties. [3] These new materials should provide higher absorption efficiencies in the visible, an extended operation wavelength range, fast detection and, preferably, facile integration with current CMOS technology for readout.
The large class of semiconducting layered materials presents appealing properties such as high transparency (and yet strong light-matter interaction), flexibility and ease of processing. Therefore, they recently attracted a large research effort aimed at understanding the principal photodetection mechanisms and device performances.
The isolation of graphene in 2004, [4, 5] rapidly followed by the discovery of its amazing properties, [6] [7] [8] [9] [10] [11] [12] [13] has generated an intense research effort on layered 2D materials. [6, 14] In layered 2D materials, the atoms forming the compound are arranged into planes (layers) that are held together by strong inplane bonds, usually covalent. To form a 3D crystal, the atomic layers are stacked in the out-of-plane direction with weak van der Waals interactions. This allows the exfoliation of bulk crystals and the fabrication of thinner flakes, even down to the single layer limit. [5] Flakes of layered materials present several advantages over conventional 3D materials for photodetection, from both a practical and a fundamental standpoint. The atomic thickness renders these materials almost transparent, which is of high interest for novel applications, e.g. photovoltaics integrated in façades or wearable electronics. Their atomic thickness is also responsible for quantum confinement effects in the outof-plane direction. These effects are particularly strong in the semiconducting transition metal dichalcogenides -TMDCswhere the reduced thickness results in strongly bound excitons, increasing the absorption efficiency. [15] [16] [17] Another effect of the vertical confinement is the modulation of the bandgap as a function of the number of layers, particularly evident in the TMDCs, [15, [18] [19] [20] [21] [22] which modulates the optical absorption edge.
In 2D semiconductor crystals, the electronic bands are localized in nature (in the case of the TMDCS due to the d orbital contribution), leading to sharp peaks in the density of states at a particular energy (i.e. Van Hove singularities) [23] . In several 2D semiconductors (for instance MoS 2 , WS 2 and WSe 2 ) these singularities happen close to the conduction and valence band edges. Therefore, a photon with energy close to the bandgap has an increased probability to excite an electron-hole pair due to the large availability of empty states given by the diverging DOS at the singularity. Thus, despite of the reduced thickness of 2D semiconductors (yielding the high transparency) they strongly interact with the incident light.
2D materials have also demonstrated remarkable elastic modulus and large strain (> 10%) before rupture. Large strains have a strong effect on the electronic and optical behavior of these materials. [9, 22, [24] [25] [26] [27] Thus, strain-engineering can be used to tune the optical properties and realize novel device architectures (weareable, bendable devices) and devices with novel functionalities, like exciton funnelling. [28, 29] In this Review, we present the state-of-art in photodetection with layered materials, especially focusing on the semiconducting 2D materials. For the purpose of this review, we consider as two dimensional the materials in which (i) the atoms have strong in-plane bonds, (ii) the atoms are arranged into planes with high crystalline order and (iii) these atomically-thin planes are held together only by van der Waals interactions in the vertical direction (i.e. there are no dangling bonds at the surfaces of the planes). The absence of dangling bonds between the planes and the weak van der Waals interaction makes it possible to isolate single-unit-cell-thickness flakes by mechanical exfoliation of a parent, bulk crystal. They also allow stacking several layers of different materials on top of each other and to grow them on a variety of substrates, while still preserving the high crystalline order. These are all properties in stark contrast with conventional 3D crystalline materials.
Layered materials, even when relatively thick (∼ 10 nm) compared to a single layer, already possess a strong in-plane vs out-of-plane anisotropy in their properties. Further thickness reduction to a small number of layers, ultimately to a single layer, also induces quantum confinement in the vertical direc-tion, which has a strong impact on the bandgap of the material. This effect is particularly strong in the TMDCs, whose bandgap increases and becomes direct in single layer, and black phosphorus, whose bandgap increases of more than 3 times.
In the following, we review devices based on flakes with thickness from one unit cell to several nanometers and with inplane dimensions in the order of microns. We start by briefly introducing the main photodetection mechanisms and figuresof-merit that are useful to compare different photodetectors. We then move on to describe photodetectors based on semiconducting transition metal dichalcogenides (TMDCs). Next, we summarize the performance of photodetectors based on the novel van der Waals materials, such as Ga, In and Sn chalcogenides and Ti, Hf and Zr trichalcogenides. Then we describe the recent progress in black phosphorus-based photodetectors. We then briefly compare the responsivity and time response of the reviewed detectors. Subsequently, we describe a few of the future directions of photodetection with layered materials. Finally, we summarize the main conclusions of this Review and list future challenges.
Photocurrent generation mechanisms
This Section briefly introduces the mechanisms enabling photodetection. We start by describing the mechanisms driven by electric field separation of electron-hole pairs generated by photon absorption. These mechanisms are usually categorized as photoconduction, photogating and the photovoltaic effect and are especially relevant for (photo)-field-effect transistors (FETs). Next, we introduce thermal processes (photothermoelectric, bolometric) that can also generate or modulate the photoresponse in photodetectors. At last, we discuss the relevant figures-of-merit for photodetectors to facilitate comparison among devices working with different principles.
Photocurrent generation driven by electron-
hole separation 2.1.1 Photoconductive effect.
In the photoconductive effect, photon absorption generates extra free carriers, reducing the electrical resistance of the semiconductor (see Figure 1 ). [30] [31] [32] [33] Figure 1a sketches the band diagram of an FET. Without illumination and under an applied bias (V ds ), a small source-drain current can flow (I dark ). Under illumination, the absorption of photons with energy higher than the bandgap (E ph > E bg ) generates e-h pairs which are separated by the applied V ds (Figure 1b) . The photogenerated free electrons and holes drift in opposite directions towards the metal leads, resulting in a net increase in the current (I photo ). This photogenerated current adds to the dark current, reducing the resistance of the device, as depicted in Figure 1c and Figure  1d .
It is instructive to consider the case of a large difference between the electron and hole mobilities, resulting in a large difference in the electron/hole transit time (τ transit ): [32] 
where L is the length of the transistor channel, µ the charge carrier mobility and V ds the source-drain bias. If the hole mobility is much lower than the electron mobility, the photogenerated electrons can cross the channel much faster than the photogenerated holes. Until recombination or hole extraction, many electrons can participate in the photocurrent, leading to the photoconductive gain (G). Effectively, this means that more electrons can be extracted from a single photon, resulting in a quantum efficiency larger than one. The photoconductive gain is the ratio of the photogenerated carrier lifetime (τ photocarriers ) and the transit time: [32] 
Hence, large τ photocarriers and a large mismatch in the electron/hole mobility yield large G.
Photogating is a particular example of the photoconductive effect. If holes/electrons are trapped in localized states (see Figure 2a) , they act as a local gate, effectively modulating the resistance of the material. In this case, τ photocarriers is only limited by the recombination lifetime of the localized trap states, leading to a large G. [32] The trap states where carriers can reside for long times are usually located at defects or at the surface of the semiconducting material. This effect is of particular importance for nanostructured materials, like colloidal quantum dots, nanowires and two dimensional semiconductors, where the large surface and reduced screening play a major role in the electrical properties.
Photogating can be seen as a horizontal shift in the I ds −V g traces under illumination, as shown schematically in Figure 2 . Under illumination, the absorption of a photon generates an eh pair. One carrier type (holes in Figure 2b ) is then trapped in localized states with energy near the valence band edge. In this case, the electric field-effect of the trapped holes shifts the Fermi level which, in turn, induces more electrons. The increased electron density reduces the resistance of the device, allowing more current to flow (I photo ). Under illumination, the I ds −V g trace will be horizontally shifted (∆V g ) with respect to the dark trace due to the effective gate electric field of the trapped charges. The sign of ∆V g indicates the polarity of the trapped carrier. Photogating can also result in a negative I photo , as sketched in Figure 2c ,d.
In practice, the clear distinction between photoconductive and photogating effect is faded, since both effects can take place in the same device. However, the difference in their time scales can be used to disentangle their signatures, as shown by Furchi et al.. [34] 
Photovoltaic effect.
In the photovoltaic effect, photogenerated e-h pairs are separated by an internal electric field. The origin of the internal electric field could be a PN junction or a Schottky barrier at the interface between a semiconductor and a metal (see Figure 3a) . [32] In both cases, the devices present nonlinear I ds −V ds characteristics in the dark. In the case of PN junctions, the forward source-drain current I ds is exponential with the source-drain voltage V ds as I ds ∝ exp(V ds ) − 1; the reverse current, on the other hand, is negligibly small until junction breakdown. [35] Under illumination and zero external bias (V ds = 0), the internal electric field separates the photoexcited e-h pairs thereby generating a sizable photocurrent (shortcircuit current, I sc ). Keeping the circuit open leads to the ac- Band alignment under illumination with photons of energy (E ph ) higher than the bandgap (E bg ). The absorption of a photon generates an electron-hole pair. Holes are trapped at the band edge and act as a local gate. The field-effect induces more electrons in the channel, generating a photocurrent (I photo ) which adds to the I dark . (c) I ds −V g traces in the dark (solid black line) and under illumination (solid blue/red line). Illumination results in a horizontal shift (∆V g ) of the traces, due to the trapped charges that act as an additional gate electric field. (d) I ds −V ds curves in dark (solid black line) and under illumination at the gate value marked by a triangle in panel c (solid red line) and at the gate voltage marked by a square in panel c (solid blue line). Illumination results in positive photocurrent for one gate value (triangle marker) and negative photocurrent for another gate value (square marker).
can also be used to convert the energy of the photons to electrical energy. Figure 3b plots the I ds −V ds characteristics of a PN junction in the dark (black solid line) and under illumination (red line). Since the photocurrent has the same sign as the reverse current, the I ds −V ds under illumination appears shifted downwards, with respect to the dark curve. The part of the I ds −V ds curve that lays in the fourth quadrant (negative current, positive bias) is used to generate electrical power (P max el ). Photodetectors based on the photovoltaic effect are usually PN diodes and are used at zero bias (photovoltaic mode) or under reverse bias (photoconductive mode). In the photovoltaic mode, the dark current is the lowest, improving the detectivity (see Section 3) of the detector. However, the absolute responsivity (see Section 3) is usually smaller than a photodetector working with the photoconducting or photogating mechanism, since there is no internal gain. The advantage of reverse-bias operation (the photoconductive mode) is the reduction of the junction capacitance, increasing the speed of the photodiode. Under large reverse bias, the strong junction electric field can give enough energy to the photogenerated electrons to initiate impact ionization multiplications, or avalanching (avalanche photodiode -APD). This mechanism provide large internal gain, so that light of extremely low power can be detected.
Simplified photocurrent generation phenomenological description.
The generated photocurrent, I photo , in a photoconductive detector can be estimated with the following phenomenological formula:
where Γ is the number of absorbed photons per unit time, η the efficiency of the conversion of the absorbed photons to electrons, e the electron charge and G is the photoconductive gain. The parameter η is the internal quantum efficiency of the detector, without considering gain mechanisms. For a photovoltaic detector G = 0.
With the help of Equation 2, we can now rewrite Equation 3 as: [36] 
From this Equation we see that I photo is linearly dependent on the photon flux (i.e. the excitation power), the photogenerated carrier lifetime, the electron mobility and the applied bias, following simple physical intuition. This simplified model, however, does not take into account the presence of a finite number of trap states. These trap states strongly affect the dependence of the photocurrent on the excitation power (usually it becomes sub-linear) and the carrier lifetime (usually it increases). Engineering trap states is a viable way to achieve ultra high gain, usually at the expense of a slower time response of the detector.
Photocurrent generation driven by thermal mechanisms
Temperature gradients induced by non-uniform heating under illumination can also generate a photocurrent or photovoltage through the photo-thermoelectric effect. On the other hand, a homogeneous temperature change affects the resistivity of a material (photo-bolometric effect), which can be detected by electrical means.
Photo-thermoelectric effect.
In the photo-thermoelectric effect (PTE), a heat gradient from light-induced heating results in a temperature gradient across a semiconductor channel. As a result, the two ends of the semiconductor channel display a temperature difference ∆T . This ∆T is converted into a voltage difference ∆V via the Seebeck (or thermoelectric) effect (see Figure 4 ). The magnitude of ∆V is linearly proportional to the temperature gradient via the Seebeck coefficient (S): [37] ∆V = S · ∆T.
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The heat gradient can stem from either localized illumination, as with a focused laser spot with dimensions much smaller than those of the measured device, [38, 39] or from a strong difference in the absorption in distinct parts of the device under global illumination. [40] The origin of the Seebeck effect can be found in three main microscopic processes, in dynamic equilibrium with each other. [37, 41] Relating the Seebeck coefficient to microscopic quantities is, however, difficult. Therefore, the Seebeck coefficient is usually expressed in terms of the conductivity of the material through the Mott relation: [42] [43] [44] [45] 
where k B is the Boltzmann constant and σ(E) the conductivity as a function of energy (E), and where the derivative is evaluated at the Fermi energy, E F . The sign of the Seebeck coefficient is determined by the majority charge carrier polarity in the semiconductor. Through the photo-thermoelectric effect (PTE), a temperature gradient generates a voltage difference that can drive a current through a device at zero V ds . As sketched in Figure  4 , a device which is illuminated by a focused laser spot can be modeled as two junctions between the contact metal and the semiconductor channel. In this example, a focused illumination 
, the term S metal · ∆T can usually be neglected because the Seebeck coefficients of pure metals are in the order of 1 µV K −1 , much smaller than typical values for semiconductors, reported in Table 1 . ∆T can be estimated via finite element simulations [39, 46, 47] or measured with on-chip thermometers. [47, 48] Once ∆T is known, it is possible to estimate the Seebeck coefficient of the semiconductor material. Seebeck coefficient values for common materials are listed in Table 1 . The magnitude of ∆V PTE typically ranges from tens of µV to tens of mV. In order to drive current through the device, the electrodes metals need to form ohmic contacts to the semiconductor. In case the illumination is focussed on a uniform semiconducting channel, no current will flow in the device since no external bias is applied and negligible thermal gradients can be achieved. Figure 4c shows a typical I ds −V ds curve of a device where the photoresponse is dominated by the photo-thermoelectric effect. In the dark, the I ds is linear with the V ds indicating that the Schottky barriers are small (ohmic contact). Under illumination, the photo-thermoelectric effect generates a current at zero bias, without changing the resistance of the device. ∆V PTE can be read off from the intersection with the zero-current axis, as illustrated in Figure 4 .
Photo-bolometric effect.
The photo-bolometric effect (PBE) is based on the change of resistivity of a material due to uniform heating induced by photon absorption. The magnitude of this effect is proportional to the conductance variation of a material with temperature (dG/dT ) and the homogeneous temperature increase (∆T ) induced by laser heating. The bolometric effect underpins many detectors for mid and far-IR. [62] The main difference between the PTE and the PBE is that the PBE cannot drive currents in a device. Since the PBE is related to a change in the conductivity of the material with temperature, it will only modify the magnitude of the current flowing under external bias and illumination. The sign of the photoresponse is also very different between the two mechanisms. In the PTE, the sign of the photocurrent is related to the difference in Seebeck coefficients between the components of the junction and, ultimately, to the type of charge carriers in the semiconductor material. For the PBE, the sign of the photocurrent is related to the change in the material conductivity with temperature. [62] From a device architecture perspective, the photothermoelectric effect requires a temperature difference between two junctions of materials with different Seebeck coefficients. In contrast, the photo-bolometric effect will be present in a homogeneous material, with a homogeneous temperature profile, and under external bias.
Photodetectors figures-of-merit
To facilitate comparison between photodetectors working with different principles and realized with different materials and geometries, it is customary to use a set of figures-of-merit. In the following discussion, we will briefly introduce the general meaning of each figure of merit and give a reference to commercial silicon and InGaAs photodetectors and also recent graphene-based detectors, as a benchmark.
Responsivity, R, measured in A W −1 . The responsivity is the ratio between the photocurrent and the total incident optical power on the photodetector. It is an indication of the achievable electrical signal under a certain illumination power: a large responsivity indicates a large electrical output signal for a defined optical excitation power. With the help of Equation 4, we can define the responsivity as:
where λ is the photon wavelength, h Planck's constant, c the speed of light in vacuum and Γ total is the total photon flux. Equation 8 shows that the responsivity still depends on the external bias (V ) or geometrical factors, at least in the simplified model presented here. For commercial silicon photodiodes, the responsivity is in the order of 500 mA W −1 at a wavelength of 880 nm and becomes negligible for wavelengths shorter than 405 nm and larger than 1100 nm. Commercial InGaAs detectors reach ∼ 1.2 A W −1 at λ = 1550 nm. For graphene photodetectors, the responsivity is about 10 mA W −1 accross the visible and telecommunication wavelengths. [10] Recently, more complex graphene detectors based on photogating either with quantum dots [67] or with another graphene sheet separated by a tunnel barrier [68] have achieved much larger responsivities: 1 × 10 7 A W −1 and 1 × 10 3 A W −1 , respectively.
External quantum efficiency, EQE, dimensionless. The external quantum efficiency is the ratio of the number of the charge carriers in the photocurrent n e and the total number of impinging excitation photons n total photon . It is closely related to the responsivity R:
The EQE is a measure of the optical gain G in the photodetector: EQE > 1 effectively means that more than one charge carrier per impinging photon is measured. It is usually a lower bound for the internal quantum efficiency since it assumes that all the incident photons are absorbed. For a silicon photodiode the EQE is in the order of 6 × 10 5 and for a graphene detector is about 1 × 10 −2 . [10, 69] Internal quantum efficiency, IQE = η, dimensionless. The internal quantum efficiency is the number of measured charge carriers n e divided by the number of absorbed photons n abs photon . By accounting for the photon losses due to transmission and, for a small part, reflection, it is possible to determine the amount of absorbed photons and calculate the internal quantum efficiency. Compared to their bulk counterparts, ultrathin layered materials have an increased photon loss due to transmission. Therefore, at the same EQE, ultrathin layered materials have a larger IQE. To give a correct estimate of the absorbed photons, optical interference effects should be considered. These effects can enhance photon absorption up to 10% ∼ 15%. [70] [71] [72] Time response, measured in s. The time response of a photodetector is usually measured between 10% and 90% of the generated signal under modulated excitation intensity, either on the raising or falling edge. A photodetector with a small This document is the unedited Authors' version of a submitted manuscript that was subsequently accepted for publication in Chemical Society Reviews, 2015, 44, 3691 -3718 (DOI: 10.1039/C5CS00106D). To access the published version follow http://pubs.rsc.org/en/content/articlehtml/2015/cs/c5cs00106d response time is usually desired to allow for certain applications, like video-rate imaging. Commercial silicon and InGaAs photodiodes show rise times of about 50 ps while graphene detectors can already reach hundreds of picoseconds. [10, 69] Bandwidth, B, measured in Hz. The bandwidth of a photodetector is defined as the modulation frequency (f modulation ) of the incoming light excitation at which the intensity of the detector signal is 3 dB lower than under continuous illumination. A photodetector with a large bandwidth is desirable for high-rate optical information transfer. As for the response time, the bandwidth of commercial silicon and graphene detectors is similar and reaches a few tens GHz. [10, 69] Using optical correlation techniques, the intrinsic bandwidth of graphene has been estimated to be about 260 GHz. [73] Noise equivalent power, N EP , measured in WHz
. The noise equivalent power is the minimum illumination power that delivers a unity signal-to-noise ratio at 1 Hz bandwidth. It is similar to the sensitivity figure-of-merit for other type of detectors. It is a measure of the minimum detectable illumination power; thus a low N EP is a desirable property of a photodetector. It can be estimated by:
where the P SD is the current noise power spectral density in dark (in AHz
2 ) at 1 Hz bandwidth. Under the assumption of a shot-noise limited detector, the P SD is proportional to the square root of the dark current. Thus a detector with a small dark current and large responsivity will have a small N EP . Commercial silicon photodiodes have a NEP in the order of 1 × 10 −14 WHz . The detectivity (D * ) is a figure-of-merit derived from the N EP , area and bandwidth that enables comparison between photodetectors of different geometries: a higher detectivity indicates a better photodetector performance. It is defined as:
where A is the area of the photodetector and B is its bandwidth. The detectivity of silicon photodiodes is in the order of 1 × 10 Wavelength range, measured in nm. The wavelength range indicates which part of the electromagnetic spectrum can be detected, at a given N EP . The limiting factor is usually the bandgap of the active material, which determines the absorption edge. For the detectors relying on photons to generate an electron-hole pair, the absorption edge defines the longest wavelength that can be detected. Detectors working with thermal processes can overcome this limit.
Transition metal (Mo,W) dichalcogenides photodetectors
Transition metal dichalcogenides (TMDCs) are layered compounds with general formula MX 2 where M is a metal from group IV, V or VI of the transition metals and X is a chalcogen atom (group VI such as S, Se or Te). [12] In every layer, the metal atoms are covalently bonded to the chalcogen atoms on either side (for a schematic, see Figure 12 ). This covalent bond provides the structural integrity to a single layer. To form a bulk crystal, several layers are held together by weak van der Waals interaction. This weak out-of-plane interaction facilitates micromechanical exfoliation, allowing isolation of single layers. The mechanical exfoliation of these materials has opened the door to the fabrication of FETs based on single-and few-layer TMDCs and the study of their (opto)electronic properties. For more details on TMDCs, including their structure and their electronic properties, we refer the reader to refs. [12, 76] 
Molybdenum disulphide
MoS 2 is the most studied semiconducting TMDC. Its large and direct bandgap (1.8 eV) [15, 18, 20, 21] , its mobility [19, 77] above 100 cm 2 V −1 s −1 and its remarkable mechanical properties [24, 78] make single and few-layer MoS 2 an interesting material for optoelectronic and flexible devices. [34, 39, 74, 75, [79] [80] [81] [82] [83] [84] [85] [86] Externally biased photodetectors. Photodetectors based on single-and few-layer MoS 2 are usually in the form of photoFETs (see Figure 5a ). Yin et al. [74] first reported a photo-FET based on single layer MoS 2 ( Figure 5a ) reaching a responsivity of about 7.5 mA W −1 in electron accumulation, measurable photoresponse up to about 750 nm and a response time in the order of 50 ms (see Figure 5b ). [74] Recently, a similar study by Lopez-Sanchez et al. [75] reported a low-bound responsivity for exfoliated 1L MoS 2 photo-FET of 880 A W −1 in depletion and a cut-off wavelength of 680 nm (see Figure 5c ). [75] The reported responsivity is a lower bound since it is estimated in the OFF state of the photo-FET, where the photocurrent magnitude is the lowest. reduced to 600 ms with the help of a gate pulse to reset the conductivity of the FET. [75] Both the sublinear behavior of the photocurrent with power and the need of a gate pulse to reset the conductivity are symptomatic of a photocurrent generation mechanism where trap states play a dominant role. The NEP reached by the photodetector presented by LopezSanchez et al. is 1.8 × 10
This remarkably low NEP stems from the low magnitude of the dark current in electron depletion, achievable due to efficient field-effect tunability in single-layer MoS 2 and the 1.8 eV bandgap of 1L MoS 2 that suppresses thermally activated carriers. [19] In the case of 1L MoS 2 grown by chemical vapor deposition (CVD), Zhang et al. reported responsivities in the order of 2200 A W −1 in vacuum and 780 A W −1 in air, highlighting the importance of the environment for both the electronic and the optoelectronic properties. [86] Given the large surface-tovolume ratio, adsorbates play a major role in the properties of layered materials. [87] [88] [89] [90] Charged adsorbates also reduce the photoresponse as they suppress the lifetime of trapped carriers by acting as recombination centers. [86] In a similar study on CVD grown MoS 2 , Perea-López et al. [91] found a responsivity in the order of 1.1 mA W −1 , five orders of magnitude lower than in the case of Zhang et al.. [86] There are a few likely reasons for the large difference in responsivity. At first, there is a difference in device resistance. The device measured by Zhang et al. [86] is subjected to a laser annealing procedure in vacuum, which reduces the device resistance. Moreover, the measurements in ref [86] are performed with a large and positive gate voltage, which brings the device in the ON state. The resulting device resistance is about 20 kΩ. For comparison, the device measured by Perea-López et al. [91] has a resistance of about 2 GΩ (no annealing and zero gate voltage). Another important reason is the interdigitated electrode geometry of the device measured by Zhang et al. [86] . The interdigitated device geometry grants a much (about 4 orders of magnitude) larger active area which contributes to a larger photocurrent and, therefore, a larger responsivity. Also the difference in spot size plays a role. Zhang et al. [86] employ a laser spot of about 1 mm diameter, which allows them to expose the whole active area of the detector. In the study of Perea-lopez et al. [91] , a 2 µm laser spot is used, limiting the illuminated area to a small portion of the device. Finally, as a consequence of This document is the unedited Authors' version of a submitted manuscript that was subsequently accepted for publication in Chemical Society Reviews, 2015, 44, 3691 -3718 (DOI: 10.1039/C5CS00106D). To access the published version follow http://pubs.rsc.org/en/content/articlehtml/2015/cs/c5cs00106d the larger active area and lower resistance, Zhang et al. [86] are able to illuminate the device with lower optical power before hitting the noise floor of the current amplifier. Usually, at low optical powers the responsivity is the highest (see Equation 8 ).
Therefore, the applied gate voltage, the interdigitated electrode geometry and the lower optical excitation power all contribute to the much larger responsivity reported by Zhang et al. [86] Both exfoliated and CVD-grown MoS 2 display large responsivity (large optical gain), sub-linear I photo with incident optical power and ms-to-s response times; all these properties point to a photogeneration mechanism in which trap states play a major role. In particular, the photocurrent generation mechanism is a combination of both photoconductance (PC) and photogating (PG), as recently reported in ref [34] . Furchi et al. [34] study the photoresponse of single and bilayer MoS 2 photoFETs by varying the incident optical power and the modulation frequency of the optical excitation. The large difference in time scales between PC (fast) and PG (slow) facilitates disentangling the two effects.
The slow PG is attributed to long-lived trap states at the interface between the MoS 2 channel and the SiO 2 surface, likely hydrated by water adsorbates. The surface density of these trap sites is estimated to be in the order of 1 × 10 15 cm −2 from DC photocurrent measurements, in agreement with previous literature on carbon-nanotube transistors. [92] These SiO 2 -bound trap states are likely to play a role in the photoresponse of other unencapsulated devices built on SiO 2 and measured in ambient condition or even in vacuum without in-situ annealing. The fast PC response is attributed to both mid-gap states and holetrap states that are caused by defects within the MoS 2 layer. These types of states have a faster decay rate compared to the SiO 2 -bound trap states and thus result in a lower optical gain. Furchi et al. [34] measure the PC response by a lock-in technique, modulating the light excitation at a frequency faster than the PG effect. To model the acquired data (Figure 5e ), a model based on mid-gap states and hole-trap states is proposed (Figure 5f ). From this model they extract the density of hole-traps to be about 5 × 10 10 cm −2 , in good agreement with values obtained by independent transport measurements. [93] Multilayer MoS 2 photodetectors. Multilayer MoS 2 photodetectors benefit from the bandgap reduction, allowing for extended detection range, [81, 82] larger absorption due to increased thickness, [85] and achieve responsivity much lower than the best single-layer photodetectors. The reduction in responsivity is possibly due to their indirect bandgap. [34, 94] The photodetection mechanism in multilayer MoS 2 is still dominated by trap states.
In conclusion, biased photodectors based on single-and fewlayer MoS 2 routinely achieve high responsivity, indicating high photogain, originating from the long lifetime of photogenerated carriers, boosted by trap states. Table 4 summarizes the main figures-of-merit of this type of photodetectors. Photovoltaic and photo-thermoelectric effects in MoS 2 . In a recent study, Fontana et al. [83] reported photovoltaic effect in a photo-FET based on a thin (∼ 50 nm) MoS 2 flake where the source/drain contacts were made from gold and palladium, respectively. [83] The workfunction difference between Au and Pd promotes a small difference in local doping of the MoS 2 flake, giving rise to an asymmetry in the SBs at the two contacts, as in the case of graphene phototransistors. [69, 83] The SBs asymmetry effectively acts as an internal electric field and generates a photocurrent under global illumination (r spot L device ). An independent study on a similar device based on single-layer MoS 2 with Au and Pd contacts has demonstrated that the SB height for Pd contacts is larger than for Au. [95] Figure 6a shows a micrograph of the device by Fontana et al., [83] highlighting the asymmetric metallization of the contacts. The measured I ds −V ds characteristics are plotted in Figure 6b and show diode-like behavior in the dark and a clear PV photocurrent generation under illumination. For different devices, the short-circuit current I sc ranges from 0.2 to 2 nA and the open-circuit voltage V oc from about 30 to 100 mV. The large current in reverse bias indicates non-ideal diode behavior.
Buscema et al. [39] have performed a scanning photocurrent microscopy (SPCM) study of a single layer MoS 2 photo-FET and found a strong and tunable photo-thermoelectric effect. [39] This document is the unedited Authors' version of a submitted manuscript that was subsequently accepted for publication in Chemical Society Reviews, 2015, 44, 3691 -3718 (DOI: 10.1039/C5CS00106D). To access the published version follow http://pubs.rsc.org/en/content/articlehtml/2015/cs/c5cs00106d Figure 7a shows an AFM image of one of the studied devices. The contacts (Ti/Au) are deposited on top of an exfoliated MoS 2 flake on a SiO 2 /Si substrate. The flake is single-layered between contacts 3 and 6. Electrode 3 is connected to a currentto-voltage amplifier while the other electrodes are grounded. With above-bandgap illumination, the SPCM measurements shown in Figure 7b reveal that the photocurrent is generated even when the laser spot is focused on top of the electrode area, as particularly evident for electrode 3. Measurements performed with below bandgap illumination show the same qualitative behavior, with lower photocurrent values. [39] The current generation inside the electrode area and its persistence with below-bandgap illumination point to a photocurrent generation mechanism dominated by the photo-thermoelectric effect, as already demonstrated for graphene also for ultrafast terahertz detection. [96, 97] From the sign of the photocurrent, the authors concluded that Seebeck coefficient of single-layer MoS 2 is negative, as expected for an n-type semiconductor.
The magnitude of the Seebeck coefficient S can be calculated by measuring the generated photo-thermoelectric voltage V PTE and dividing it by the temperature gradient, estimated via finite element simulations. The resulting S is plotted against the gate voltage in Figure 7c . In electron accumulation, the S of single-layer MoS 2 is in agreement with its bulk value. As the channel is depleted, the Seebeck coefficient rapidly increases by two orders of magnitude, reaching ∼ 1 × 10 5 µV K −1 . This value is in reasonable agreement with recent electrical measurements where the temperature gradient is monitored with on-chip heaters and thermometers. [48] This large value of S and its gate tunability render single-layer MoS 2 an interesting material for applications such as thermoelectric nanodevices.
We note that, under external bias and focussed illumination, also the PV effect at the Schottky barriers (SBs) could play a role. This has, for example, been reported in multilayer MoS 2 devices which have shown photocurrent generation from SBs under external bias. [85] In conclusion, zero-bias photocurrent generation in singlelayer MoS 2 is dominated by the PTE effect due to the large values of the S coefficient, while, in multilayer samples the PV effect can significantly contribute to the photocurrent.
Molybdenum diselenide
Molybdenum diselenide (MoSe 2 ) has been grown via CVD techniques by several groups, [98] [99] [100] [101] [102] [103] [104] [105] yielding large-area triangular flakes or continuous films on a variety of substrates. Photodetectors were patterned on the as-grown films or flakes were transferred to an oxidized silicon wafer to fabricate photoFETs.
Typical CVD grown MoSe 2 photodetectors show responsivity between 0.26 mA W −1 (ref. [99] ) and 13 mA W −1 (ref. [105] ). Recently, a photodetector based on a ∼ 20 nm thick MoSe 2 exfoliated flake, deterministically transferred on Ti electrodes, demonstrated a responsivity [106] up to 97.1 A W −1 . The response time is in the order of few tens of milliseconds for all the studied devices.
Tungsten disulfide
Tungsten disulfide (WS 2 ) has also been employed for photodetection. [109, 110] In their recent study, Huo et al. [110] show a significant dependence of the photoresponse on the gaseous environment in which the measurements were performed. [110] At low excitation powers, the responsivity ranges from ∼ 13 A W −1 in vacuum to 884 A W −1 in a NH 3 atmosphere. The increase of responsivity in the NH 3 atmosphere was attributed to charge transfer from the absorbed molecules to the WS 2 flake, which affects the WS 2 doping level, as seen in luminescence experiments. [90] As a result of the charge transThis document is the unedited Authors' version of a submitted manuscript that was subsequently accepted for publication in Chemical Society Reviews, 2015, 44, 3691 -3718 (DOI: 10.1039/C5CS00106D). To access the published version follow http://pubs.rsc.org/en/content/articlehtml/2015/cs/c5cs00106d fer, the lifetime of (one of the) photogenerated carriers can be extended, leading to an enhancement in the responsivity. The relevant figures-of-merit for MoSe 2 and WS 2 photodetectors are summarized in Table 4 with Pd contacts and decreases by a factor ∼ 30 with Ti contacts. Conversely, the time response for the devices with Ti contacts is less than 23 ms while for the Pd contacts it is in the order of tens of seconds. The large variation in responsivity is attributed to the large difference in SBs induced by Pd and Ti, which is of general importance for photodetectors based on 2D materials.
Electrostatically defined PN junctions.
In contrast to MoS 2 , MoSe 2 and WS 2 , devices based on WSe 2 readily demonstrate ambipolar transport via electrostatic gating. [112] [113] [114] [115] [116] [117] Exploiting this property, locally-gated PN junctions have been realized with single-layer WSe 2 . [40, 107, 108, 118] In the following, we will review the recent studies concerning such PN junctions. We refer the reader to Table 4 for a synthetic presentation of the photodetection performance of both the photodetector of ref. [111] and the PN junctions.
The schematics of the locally-gated PN junction devices in
This document is the unedited Authors' version of a submitted manuscript that was subsequently accepted for publication in Chemical Society Reviews, 2015, 44, 3691 -3718 (DOI: 10.1039/C5CS00106D). To access the published version follow http://pubs.rsc.org/en/content/articlehtml/2015/cs/c5cs00106d references [40, 107, 108] are presented in Figures 8a,b ,c. The fabrication of these PN junctions relies on the deterministic transfer of single-layer WSe 2 on top of two local gates covered with a dielectric, which can be made from a conventional (HfO 2 [107] or Si 3 N 4 [108] ) or layered (hBN) [40, 118] material. The single-layer WSe 2 is then contacted with electrodes providing low Schottky barriers, usually a Cr/Au stack. [40, 107] The local gates allow effective control of the charge carrier type and density in the WSe 2 channel and, thus, can induce different carrier types in adjacent parts of the channel, giving rise to a PN junction. Looking at the I ds −V ds characteristics highlights the effect of the local gates on the electrical transport, as Figures 8d,e,f illustrate. As a function of the gate configuration, the I ds −V ds curves range from metallic (PP or NN) to rectifying with opposite direction (PN or NP).
Consistently accross three independent studies, the I ds −V ds curves in PN and NP configuration present a high resistance in parallel to the device (R par ) and a low saturation current (I sat ), both indicating nearly ideal diode behavior. This favorable behavior can be attributed to the large bandgap of single-layer WSe 2 which reduces parallel pathways for current flow, such as thermally-activated carriers and field emission. The devices are also less resistive in the NN configuration than in the PP configuration. This may indicate a larger SB for hole injection resulting from the Cr/Au contacts. The difference in the absolute magnitude of I ds between these studies may be attributed to differences in device fabrication, gate-induced carrier density or measurement conditions.
We now turn our attention to the response to light excitation of such locally gated PN junctions. Figure 8g shows a falsecolor map of the photocurrent obtained by SPCM on the device in Figure 8a in NP gate configuration. [107] Even though the spatial resolution is limited by the long wavelength of the excitation laser, the photocurrent peaks at the depletion region (separation between the gates), suggesting that the photocurrent generation is indeed dominated by the PN junction electric field.
In Figure 8h we show the I ds −V ds in PN and NP configuration under illumination for the device in Figure 8b . In both curves, the reverse current increases, giving rise to a shortcircuit current I sc and an open-circuit voltage V oc . These signatures clearly indicate that the photocurrent generation is driven by the photovoltaic effect, as expected in a PN junction. The extracted electrical power is between tens of pW [108] and hundreds of pW (see inset of Figure 8h for a representative plot). [40, 107] Figure 8i plots the V oc (left axis) and I sc (right axis) for increasing excitation power. The I sc increases linearly while the V oc increases logarithmically, confirming the ideal diode behavior, observed in the three independent studies. [40, 107, 108] As a zero-biased photodetector, the external quantum efficiency (EQE) can be estimated from I sc and it is in the order of 0.1 ∼ 0.2% at λ = 532 nm (see Figure 8f , left axis). [40, 107] The NEP of detectors based on locally gated single-layer WSe 2 is expected to be low in photovoltaic operation, due to the negligible dark current. The time response is in the order of 10 ms and reduces in reverse bias. [40] 5 Ga, In and Sn chalcogenide photodetectors
Besides the previously discussed chalcogenides, also gallium − Ga − and indium − In − chalcogenide compounds are interesting for application as photodetectors. [119] [120] [121] [122] [123] [124] [125] [126] Similarly to the TMDCs, these layered materials are held together with van der Waals forces. However, the structure of a single layer is different from single-layered TMDCs. In compounds with 1:1 stoichiometry, like GaS, the atoms in each layer have the following repeating unit: S−Ga−Ga−S (Figure 12c) . In a direction perpendicular to the layer plane, the atoms are arranged in a graphene-like honeycomb lattice.
[122] For GaS and GaSe, this crystal structure leads to a band structure with dominant indirect transitions (indirect: 2.59 eV, direct 3.05 eV for GaS; indirect: 2.11 eV, direct 2.13 eV for GaSe). [127] [128] [129] [130] [131] The structure of GaTe is slightly different, leading to a dominant direct transition (1.7 eV). [132] Compounds with different stoichiometry (like In 2 Se 3 ) have a more complex layer structure ( Figure 12c ) and a variety of structural phases influencing their electrical properties. The α-phase has a direct bandgap of 1.3 eV. [133] [134] [135] The numerical values of the bandagap are summarized in Table 2 for convenience. Photodetectors in the form of photoFET have been realized with multilayer flakes of these materials on regular SiO 2 /Si substrates and on flexible substrates (see Figure 9a) , showing similar performances. GaSe and GaS [119, 122] (Figure 9b ). On the other hand, direct bandgap materials (GaTe and In 2 Se 3 ) [123, 136] show responsivities of about 1 × 10 4 A W −1 at low optical excitation power ( Figure  9c ). The photocurrent raises sublinearly as a function of excitation power, indicating that trap states play an important role in the photoconduction mechanism. [119, 122, 123, 136] The time response ranges from ms to s.
A particular case is represented by InSe. It has a direct bandgap of about 1.3 eV (bulk) and reducing its thickness to below ∼ 6 nm leads to a transition to an indirect bandgap of higher energy. [124] The performance of photodetectors based on 10-nm-thick InSe flakes have been studied independently by Lei et al. [125] and Tamalampudi et al. [126] . In their detailed study, Lei and colleagues [125] report photocurrent spectra of 4-layer-thick InSe under excitation wavelengths up to 800 nm. The tail of the photocurrent vs. wavelength spectra is well fitted by a parabolic relation, strongly suggesting the indirect nature of the bandgap in ultrathin InSe. The responsivity of these devices is about 35 mA W −1 and the response time is in the order This document is the unedited Authors' version of a submitted manuscript that was subsequently accepted for publication in Chemical Society Reviews, 2015, 44, 3691 -3718 (DOI: 10.1039/C5CS00106D). To access the published version follow http://pubs.rsc.org/en/content/articlehtml/2015/cs/c5cs00106d of 0.5 ms. In their study, Tamalampudi and colleagues [126] fabricate photoFETs based on ∼ 12 nm thick InSe on both an oxidized Si wafer and a bendable substrate. They measure gate tunable responsivities up to about 160 A W −1 and time response in the order 4 s. Both the larger responsivity and the much longer response time compared with the study of Lei et al. [125] indicate that long-lived trap states enhance the photoresponse in the devices studied by Tamalampudi et al. [126] Very Table 6 summarizes the main figures-of-merit of detectors based Ga, In and Sn chalcogenides.
In conclusion, Ga, In and Sn compounds show responsivities that are comparable or larger than the one measured from TMDC based photoFETs. Moreover, their operation can be extended to the UV region of the spectrum, a feature that can enable them to be used in UV detectors. InSe shows a directto-indirect transition for the bandgap when its thickness is reduced below 6 nm, resulting in a parabolic absorption tail up to 1.4 eV photon energy. Thicker InSe flakes show large responsivity (about 160 A W −1 ) and response time in the order of few seconds, indicating a strong effect of trap states on their photoresponse. Detectors based on SnS 2 can reach responsivity of about 8 mA W −1 and fast response time, making them promising as fast detectors.
Ti, Hf and Zr trichalcogenides photodetectors
In the previous Section, we reviewed the state-of-art in photodetection with layered semiconducting TMDCs and Ga, In and Sn chalcogenide which demonstrate large responsivities in the visible range and have shown the possibility of realizing versatile devices through local gating. However, there are even more semiconducting chalcogenide compounds whose electronic properties in the ultra-thin limit are not yet explored.
In this Section, we review the latest literature on photodetectors based on transition metal trichalcogenides materials: TiS 3 ,[140] HfS 3 , [141] and ZrS 3 . [142] These trichalcogenide compounds present a direct bandgap with energy between 1 eV and 3.1 eV. The values are reported in Table  2 . Island et al. [140] have studied the photoresponse of ultrathin TiS 3 nanoribbons (NR) and achieved responsivity up to 2910 A W −1 at 640 nm illumination wavelength, photoresponse to wavelengths up to 940 nm and short response times (fall time ∼ 5 ms). The devices were fabricated on isolated TiS 3 nanoribbons via electron-beam lithography (see inset of Figure  9d ). As grown TiS 3 ribbons (100∼ 300 nm thick, 1∼ 10 µm wide and 10∼ 100 µm long) were mechanically exfoliated (to a thickness down to 13 nm) and transferred to a 285 nm SiO 2 /Si substrate. [140, 143] Figure 9d shows a log-log plot of the responsivity as a function of excitation power for a representative device from reference [140] . The responsivity reaches about 1000 A W −1 at low power and decreases with increasing optical power. Again, the large responsivity and the decrease of the responsivity with optical power suggest that trap states play a large role in the photoreponse of ultrathin TiS 3 NR.
To obtain single HfS 3 ribbons, Xiong et al. [141] dispersed part of the as-grown material in ethanol and drop-cast it onto a 300 nm SiO 2 /Si substrate. Next, photolithography and metal evaporation were used to contact the randomly dispersed This document is the unedited Authors' version of a submitted manuscript that was subsequently accepted for publication in Chemical Society Reviews, Tao et al. [142] studied the photoresponse of a network of ZrS 3 ribbons transferred onto flexible substrates, polypropylene and paper. Electrical devices were fabricated by shadow-mask evaporation and, under illumination, demonstrate a responsivity of about 5 × 10 −2 mA W −1 , a photoresponse to excitation wavelengths up to 850 nm and a time response of 13 s. [142] In summary, from the available data, we conclude that photodetectors based on a single nanoribbon of a trichalcogenide compound can achieve responsivity comparable or larger than single layer chalcogenides (R MoS2 ∼ 1000 A W −1 ) and faster response times (τ MoS2 ∼ 50 ms). Table 5 summarizes the main figures of merit of photodetectors based on these materials. The large responsivity and fast response make TiS 3 a material promising for nanoscale photodetection, highlighting the need for further studies.
Few-layer black phosphorus
The recently re-discovered few-layer black phosphorus (bP) is an interesting material for photodetection especially due to its intermediate bandgap between graphene and TMDCs; its reduced bandgap compared to TMDCs make few-layer bP a promising candidate to extend the detection range with sizable responsivity that is achievable with 2D materials. Black phosphorus is an elemental layered compound composed of phosphorus atoms arranged in a puckered unit cell. Its bulk form has been studied in the 80's [145] and, electronically, it behaves as a p-type semiconductor with mobilities [146] in the order of 10 000 cm 2 V −1 s −1 and a bandgap of about 0.35 eV. Once exfoliated to thin layers, it shows ambipolar transport [147] [148] [149] [150] [151] [152] [153] [154] , mobilities [150, 153] up to 1000 cm 2 V −1 s −1 and absorption edge around 0.3 eV in agreement with its bulk bandgap. [150] The reduced symmetry of the puckered layer structure gives rise to strong anisotropy in the properties of few-layer bP, as evidenced by the anisotropic mobility and optical absorption. [150] Calculations predict that the bandgap of bP depends strongly on the number of layers and it should reach more than 1 eV once exfoliated down to a single layer. [147, 151, 155] Black phosphorus can, thus, bridge the gap between the largebandgap TMDCs and zero-bandgap graphene, completing the high-responsivity detection range that is achievable with 2D layered materials.
Few-layer bP photodetectors. The research effort in bPbased phototodetectors has been extensive in the past year. [65, 148, 149, 156] Phototransistors based on ultrathin (3 nm to 8 nm thick) bP have been fabricated on SiO 2 /Si substrates. In the dark, bP-based photo-FETs readily achieve ambipolar transport via back-gating with hole mobilities in the order of 100 cm 2 V −1 s −1 and ON/OFF ratio > 1 × 10 3 .
[148] The authors in this study [148] report on the performance of the bP photo-FET as a function of excitation wavelength, power and frequency. The responsivity reaches 4.8 mA W −1 , the photodetector wavelength range extends up to excitation wavelengths of 940 nm and the rise and fall times are 1 and 4 ms, respectively. [148] The readily achieved ambipolarity, the sizable responsivity across a wide wavelength range and the fast response make few-layer bP a promising material for photodetection applications up to the NIR part of the electromagnetic spectrum.
Electrostatically defined PN junction in few-layer bP.
Building on the ambipolarity, Buscema and Groenendijk et al. [149] have developed a PN junction via local electrostatic gating. The devices, based on two local split gates, combine the properties of two different 2D materials: hBN as an atomically-flat and disorder-free gate dielectric and few-layer bP as an ambipolar channel material. The devices have been fabricated by exploiting the deterministic transfer method. [143] Figure 10a shows one of the fabricated devices.
Local electrostatic gating allows effective control over the type and concentration of charge carriers, enabling a versatile electrical behavior. Figure 10b plots the I ds −V ds characteristics of the final locally-gated device in different gate configurations. With the two gates biased in the same polarity (PP or NN configuration), the device shows metallic behavior with linear I ds −V ds curves. When the two gates are set at opposite polarities (PN or NP configuration), the I ds −V ds curves become rectifying with the direction of the current controlled by the gate polarities.
Under increasing illumination intensity, the I ds −V ds curves display increasing I sc and reverse current, as shown in Figure  10c . This is consistent with a photovoltaic mechanism where the generated photocurrent adds to the reverse-bias current.
This document is the unedited Authors' version of a submitted manuscript that was subsequently accepted for publication in Chemical Society Reviews, 2015, 44, 3691 -3718 (DOI: 10.1039/C5CS00106D). To access the published version follow http://pubs.rsc.org/en/content/articlehtml/2015/cs/c5cs00106d Thus, an extra forward bias is needed to suppress the current flow, giving rise to a non-zero V oc . The inset of Figure 10c shows the electrical power (P el = V ds · I ds ) generated by the device, which reaches about 13 pW under the largest illumination power. Near-infrared (NIR) photons give also rise to photocurrent in the bP PN junctions. The I ds −V ds curves in the PN configuration in the dark and with excitation wavelengths of 808 nm and 940 nm (P device = 0.33 µW) are presented in Figure 10d .
Compared to PN junctions realized with WSe 2 , [40, 107, 108] bP PN junctions present a more extended wavelength operation range, comparable EQE but a lower V oc . The lower open-circuit voltage is consistent with the smaller bandgap of few-layer bP compared to that of WSe 2 . Another limitation to the V oc comes from the non-ideal diode behavior evidenced by the slope of the I ds −V ds characteristics at V ds = 0 V, both in the dark and under illumination. This indicates the presence of leakage paths for the generated carriers in parallel to the junction, which can be modelled by a parallel resistance (R p in the inset of Figure 10d ). The value of R p can be extracted by fitting the I ds −V ds characteristics with a modified Shockley model. [157] For WSe 2 PN junctions, R p exceeds 100 GΩ [40, 75, 107, 108] while for bP devices it is in the order of 100 MΩ, [149] evidencing the more ideal behaviour of the WSe 2 devices. Photothermoelectric effect in few-layer bP. The thermoelectric effect plays a major role in the photocurrent generation of ultrathin bP devices. Hong et al. [158] performed scanning photocurrent microscopy (SPCM) on a 8 nm high bP transistor with a diffraction limited λ = 780 nm laser spot as a function of polarization and gate bias. The authors find that both the PV effect (Schottky barriers) and the PTE effect contribute to the photocurrent generation. [158] In the OFF state, the electric field at the Schottky barriers separates the photogenerated electron-hole pairs. Applying a gate bias brings the device in the ON state and drastically reduces the contact resistance, allowing the PTE effect to contribute the photocurrent. By employing the Mott formalism (Equation 6) the authors estimate a maximum Seebeck coefficient of ∼ 100 µV K −1 , which is reduced by a factor 10 with increasing gate bias. Recently, the This document is the unedited Authors' version of a submitted manuscript that was subsequently accepted for publication in Chemical Society Reviews, 2015, 44, 3691 -3718 (DOI: 10.1039/C5CS00106D). To access the published version follow http://pubs.rsc.org/en/content/articlehtml/2015/cs/c5cs00106d bulk Seebeck coefficient of bP was directly measured [61] to be 350 µV K −1 , illustrating the importance of the PTE effect in bP.
In the OFF state, where the Schottky-Barrier induced PV is dominant, the photocurrent magnitude is modulated by incident light polarization. When the polarization is aligned with the low-effective-mass crystallographic axis (x-axis) the photocurrent is enhanced; conversely, aligning the polarization with the high-effective-mass axis (y-axis) suppresses the photocurrent. The polarization-dependent photocurrent is a direct result of the strongly asymmetric band structure of few-layer bP, highlighting a difference from the isotropic TMDCS.
Imaging applications of bP photodetectors. The fast development of photodetectors based on bP has led to the realization of high performance devices for imaging [60, 65] and high-speed communication [156] . Engel et al. [65] have achieved high-resolution imaging with a phototransistor based on a 120 nm thick bP flake, working via the photo-bolometric effect. [60, 65] Figure 11a shows the geometry of the objects to be imaged: 4 µm wide metallic squares deposited on glass and separated by 2 µm. A focused laser spot is scanned over the surface of the object and the reflected signal is read by the bP phototransistor. Figure 11b ,c show the images obtained by reading the electric signal from the bP photodetector at a wavelength of 532 nm and 1550 nm, respectively. The large contrast allows for clear imaging of the features. Feature visibility is constant for sizes down to 1 µm with λ = 532 nm and decreases by less than 20% with λ = 1550 nm. [65] High-speed applications of bP photodetectors. The study by Youngblood et al. [156] shows the photoresponse for a ∼ 11 nm bP flake up to GHz frequencies. [156] The few-layer bP is embedded in an on-chip waveguide structure with a fewlayer graphene top gate, allowing for optimal interaction with light and tunability of the carrier density. The DC responsivity reaches 130 mA W −1 . Figure 11d shows the photoresponse of the few-layer bP device as a function of modulation frequency for low doping (blue curve) and high doping (red curve). The response rolls off at about 3 GHz for low doping and at 2 MHz for high doping. The authors ascribe this difference to a change of photocurrent generation mechanism induced by the doping. [156] Figure 11e shows an eye-diagram at 3 Gbits/s data rate (similar to the one reported for a graphenebased device in ref. [69] ). The clean eye diagram indicates that the photodetector can operate well at this high data transfer rate. This study shows that few-layer bP phototransistors, embedded in engineered devices, can achieve data transfer speed similar to graphene photodetectors [10, 11] with larger responsivities. Table 7 summarizes the principal figures of merit of bP based detectors.
Device comparison
In this Section, we summarize and compare the responsivity and response time of the devices we have so far reviewed. Table 4 summarizes the responsivity, rise time and spectral range for photodetectors based on MoS 2 , MoSe 2 , WS 2 and WSe 2 . Within devices based on the same material, there is a large variability in the responsivity and rise time figures-of-merit, likely indicating that the device fabrication, measurement conditions and contact metals have a large effect on the photoresponse. It is worth mentioning that, in general, most of the photodetectors based on MoS 2 present orders-of-magnitude larger responsivity and response times with respect to photodetectors based on MoSe 2 or WS 2 , possibly indicating that trap states in MoS 2 are longer-lived than in the other compounds. All these compounds show a remarkable effect of the environment in which the measurements are performed, suggesting their potential application as light-sensitive gas detectors.
PN-junctions based on single-layer WSe 2 are also included in Table 4 even though their working principle is based on the photovoltaic effect, rather than photoconduction/photogating. Their responsivity is in the order of 1 to 10 mA W −1 when operated in the photovoltaic mode and shows a small increase in the photoconductive mode. The reported responsivity for the WSe 2 PN junctions (see Table 4 ) is generally lower than photodetectors based on other TMDCs, especially in comparison with MoS 2 , indicating that the internal gain mechanism (trap states) is less efficient. This is expected for photodetectors working with the photovoltaic principles. However, locally-gated WSe 2 devices show versatile behavior, combining a photo-FET with a gate-controlled photodiode in a single device. Table 5 summarizes the figures-of-merit for photodetectors based on and Ti, Hf and Zr trichalcogenides. Devices based on TiS 3 ultrathin nanoribbons achieve both slightly higher responsivity, faster response and wider detection range than detectors based on MoS 2 . This good performance, coupled to the reduced dimensionality, make TiS 3 nanoribbons a promising material for nanostructured photodetection applications. On the other hand, both ZrS 3 -and HfS 3 -based detectors show poor responsivity and a slow response.
Devices based on multilayers of Ga, In and Sn chalcogenides show responsivities from tens to thousands A W Both the semiconducting di-and tri-chalcogenides do not show photoresponse at telecommunication wavelengths. On the other hand, the newly (re)discovered black phosphorus demonstrates sizable responsivity (about 0.1 A W −1 ) and response speed (f 3dB ∼ 3 GHz) under λ = 1550 nm excitation (see Table 7 ). Moreover, few-layer bP has shown ambipolar transport and the possibility of realizing versatile locally-gated devices, like in the case of single-layer WSe 2 . This makes fewlayer bP a promising candidate for fast and broadband detection and light energy harvesting in the IR part of the spectrum. Compounds from elements in the III-VI groups (Ga, In with S, Se) are also attracting attention for photodetection applications.
To give an overview of the different materials for photodetection, the data from Tables 4 to 7 is summarized in Figure  12a . As a benchmark, the responsivity and response time of a commercial silicon photodiode (black square) and a graphene photodetector (blue square) are shown as well. It is evident that photodetectors based on semiconducting layered materials display a large (about 10 orders of magnitude) variation in their responsivity. Regarding the response time, it appears that all but one of the reviewed devices show response times larger than ∼ 1 × 10 −2 ms. The rather long response times can be attributed to the presence of long-lived trap states (in devices with responsivity above 1 × 10 3 mA W −1 ) or to the limitation of the measurement electronics (RC time) likely induced by the large resistance of the device or input impedance of the currentto-voltage amplifier used in the read-out electronics.
The bP-based device presented in ref. [156] stands out from the rest by showing comparable performances to both a commercial silicon photodiode and a graphene-based detector. In particular, this device shows responsivity and response times (at telecommunications wavelengths) that are within one order This document is the unedited Authors' version of a submitted manuscript that was subsequently accepted for publication in Chemical Society Reviews, 2015, 44, 3691 -3718 (DOI: 10.1039/C5CS00106D). To access the published version follow http://pubs.rsc.org/en/content/articlehtml/2015/cs/c5cs00106d of magnitude from a commercial silicon photodiode (in the visible), strongly indicating that bP-based photodetectors can already compete with traditional silicon detectors. In terms of absolute responsivity, roughly, half of the reviewed devices present values equal or larger than the Si photodiode. Especially, devices based on MoS 2 , WSe 2 , InSe, In 2 Se 3 , GaTe and TiS 3 present a responsivity which is three to four orders of magnitude above. The large responsivity supports the claim that layered semiconducting materials hold promise for ultrasensitive applications in the visible, for which the response times in the order of ms may be acceptable. Figure 12b relates the bandgap energy of layered materials to the electromagnetic spectrum, showing that 2D semiconductors cover a very broad portion of the spectrum (from mid-infrared to the UV). We note that the exact bandgap value depends on the number of layers in a quantized fashion. To achieve continuous bandgap tunability one can employ strain engineering, chemical doping and (especially for the TMDCs) alloys of different materials, as recently proven for an alloy of MoSe 2 and MoS 2 by Li et al. [160] It is also shows that there are many materials with bandgap around 1.3 eV, a region of interest for photovoltaic applications. Figure 12c gives an overview of the crystal structures for different families of layered materials.
Future directions
So far, we have reviewed photodetectors that are based on a single semiconducting material, used as channel material in a photo-transistor or a locally-gated PN junction. In this Section we will start by discussing one of the promising directions of photodetection with semiconducting layered materials: artificial heterostructures of different layered compounds. We will then continue by briefly summarizing the recent progress in other possible future directions: Surface decoration, lightmatter interaction enhancement and suspended devices.
Artificial van der Waals heterostructures.
Deterministic transfer techniques [13, [161] [162] [163] [164] [165] have opened the door to the realization of artificial heterostructures based on single-or few-layer semiconducting materials. These heterostructures can be built on conventional (3D) materials (like Si [159, 166, 167] and InAs [168] ) or on other two dimensional materials and have triggered a great deal of experimental work on their electrical [23, 72, [169] [170] [171] [172] [173] [174] [175] [176] [177] [178] , optical [179] [180] [181] [182] [183] [184] [185] and mechanical properties. [186] In this Section, we review the recent experimental work aimed to establish the opto-electronic performances of devices based on these van der Waals heterostructures.
MoS 2 /Si heterostructures.
A device based on single-layer MoS 2 on p-doped Si has been fabricated by Lopez-Sanchez et al. [159, 166] and Li et al. [167] . The inset of Figure 13a shows a typical device geometry: single-layer MoS 2 is transferred on top of a highly p-doped Si substrate and charge transport occurs across the MoS 2 /Si interface. In the dark, the resulting I ds -V ds characteristics are diode-like (Figure 13a ), evidencing the formation of a PN junction between the n-type MoS 2 and the p-doped Si.
Under illumination, the I ds −V ds curves show an increased reverse-bias current and I sc (Figure 13b ), strongly suggesting that the photogenerated carriers are separated by the electric field generated at the interface between the single-layer MoS 2 and the Si surface. The EQE of this device reaches about 4% in the visible and decreases to about 2.5% at λ = 1000 nm (see Figure 13c) . [159] Compared with detectors based on only single-layer MoS 2 , the EQE is much lower; however, the wavelength detection range is extended due to the lower bandgap of silicon, enabling detection of NIR photons.
This document is the unedited Authors' version of a submitted manuscript that was subsequently accepted for publication in Chemical Society Reviews, 2015, 44, 3691 -3718 (DOI: 10.1039/C5CS00106D). To access the published version follow http://pubs.rsc.org/en/content/articlehtml/2015/cs/c5cs00106d To conclude, devices based on MoS 2 /Si heterostructures show diode-like electrical characteristics, photovoltaic effect and electroluminescence, effects that strongly indicate an efficient charge transfer at the interface between the MoS 2 and the Si substrate. Moreover, they clearly proof the possibility to integrate layered semiconductors with current silicon technology.
Graphene/TMDCs heterostructures. The inset of Figure  14a shows a schematic of a typical graphene/TMDC heterostructure; a layer of a semiconducting TMDC is covered with single-layer graphene which is contacted by metallic electrodes. In this geometry, charge is transported in the graphene layer and the TMDC serves as an additional gate dielectric with light-sensitizing properties. With this geometry, one layer of graphene over a multilayer MoS 2 resulted in photodetectors with drastically enhanced responsivity (∼ 5 × 10 8 A W −1 ) at the expense of an extremely slow response times (> 1 × 10 3 s). [170] The large responsivity stems from a strong photogating effect on the single-layer graphene channel induced by the localized states in the MoS 2 layer. Under illumination, the photogenerated holes are trapped in localized states in the MoS 2 while the photogenerated electrons are transferred to the graphene, free to circulate. The trapped holes reside longer in the MoS 2 flake and thus act as a local gate on the graphene channel. Their long lifetime is responsible for the extremely large responsivity and long response times.
Photogating has also been observed in a hybrid detector composed of a single-layer MoS 2 covered by a single layer graphene, both grown by CVD techniques. [171] Under illumination, the I ds −V g characteristics shift horizontally, clearly indicating that the photoresponse mechanism is dominated by the photogating effect (Figure 14a) . Interestingly, the authors report a decrease of the magnitude of the photogating effect when the measurements are performed in vacuum. The smaller shift in vacuum is attributed to a reduction in the efficiency of the charge transfer between the MoS 2 and the graphene. In air, the graphene is slightly more p-type, increasing the electric field at the interface and, hence, increasing the charge transfer rate for electrons. In vacuum, the graphene is slightly more n-type, suppressing the electron transfer, thus reducing the generated photocurrent. [171] For this device, the responsivity is also very high (about 1 × 10 7 A W −1 ) at low illumination power and response times range from tens to hundreds of seconds (both values for the device in air).
Graphene/TMDCs/Graphene heterostructures.
In the previous Section, we have discussed two examples of graphene/TMDC heterostructures where the charge transport was measured in the graphene layer and the TMDC flake served as sensitizing material to enhance the photoresponse. In this Section, we discuss devices based on vertical stacks of graphene/TMDCs/graphene where charge transport occurs through the TMDC layer in the out-of-plane direction. In other words, the graphene layers are used as transparent contacts to the photoactive TMDC layer.
In similar studies, Britnell et al. [23] and Yu et al. [169] fabricated vertical stacks of graphene, a ∼ 50 nm thick TMDC and another graphene layer on various substrates, including SiO 2 , indium-tin-oxide (ITO) and poly-(ethylene terephthalate) (PET, a flexible and transparent polymer). Figure 14b shows a schematic of a typical device. In the dark, such devices behave This document is the unedited Authors' version of a submitted manuscript that was subsequently accepted for publication in Chemical Society Reviews, 2015, 44, 3691 -3718 (DOI: 10.1039/C5CS00106D). To access the published version follow http://pubs.rsc.org/en/content/articlehtml/2015/cs/c5cs00106d as tunnel transistors in which the current can be controlled by the gate electric field (see Figure 14c , green traces). [23, 169] Under illumination, the I ds −V ds characteristics become linear (until saturation) and show a gate-tunable I sc indicating that the photovoltaic effect dominates the photocurrent generation (see Figure 14c , blue to red traces). [23, 169] The emergence of the photovoltaic effect can be understood by looking at the band diagram schematics presented in Figure 14d and Figure 14e . In an ideal case (Figure 14d ) the band alignment between the graphene layers and the TMDC is symmetric. This symmetric alignment gives no preferential direction for the separation of the photogenerated electron-hole pairs, therefore leading to zero net photocurrent. On the other hand, a small difference in the doping level of the two graphene electrodes (induced by gating or chemical doping) will result a misalignment between the bands and, thus, in a built-in electric field. This built-in electric field separates the e-h pairs and generates the I sc (see Figure 14e) . As a consequence, the sign and magnitude of I sc are gate-tunable, as evidenced from the blue-to-red traces in Figure 14c . In both studies, SPCM measurements reveal that the photocurrent is generated only in the regions of the heterostructure where such an asymmetry is realized.
The responsivity of these devices is in the order of 0.2 A W −1 and the maximum electrical power that can be generated is in the order of a few µW, much larger than current PN junctions based on single-layer WSe 2 [40, 107, 108] , making this type of devices very promising candidates for flexible solar cells.
bP/TMDC heterostructures.
Also heterostructures comprising few-layer bP (p-type) and single layer MoS 2 (n-type) have recently shown gate-tunable photovoltaic effect, generating about 2 nW of electrical power. [177] TMDC/TMDC heterostructures.
Very recently, heterostructures based on single-layered semiconducting TMDCs have also been studied. For example, heterostructures of singlelayer MoS 2 and single-layer WSe 2 have been fabricated by several groups. [72, [172] [173] [174] Figure 15a shows an example of such a heterostructure from the Columbia group. [173] The WSe 2 and MoS 2 single layers have been chosen because of their natural tendency to display p-and n-type conduction, respectively. In Figure 15a , single-layer MoS 2 and single-layer WSe 2 are crossed on top of each other and are contacted with Al and Pd to enhance the n-type and p-type character, respectively In dark, WSe 2 /MoS 2 heterostructures show gate-tunable rectifying behavior. [72, 173] Under illumination, these heterostructures show a gate-dependent photovoltaic effect as evidenced by the I ds −V ds characteristics in Figure 15b . The I sc and V oc reach a maximum at V g = 0 V, the position at which the rectifying ratio is the highest. [72, 173] The inset of Figure   Figure [176] likely being caused by an improved charge transfer. An increase in the chargetransfer efficiency in CVD-grown MoS 2 /WSe 2 heterostructure will likely lead to a larger rectification and stronger photovoltaic effect. In conclusion, TMDC/TMDC heterostructures present gate-tunable and strong photovoltaic power generation (∼ 6 µW) coupled to the possibility of direct CVD growth; these properties make them hold promise for large-area flexible and transparent solar cells.
CVD techniques. In recent years, there has been an intense effort in studying the CVD growth of layered compounds, especially graphene, hexagonal boron nitride and transition metal dichalcogenides. CVD growth of the semiconducting TMDCs has proven to be a reliable technique that delivers high quality large-area single layers as shown in ref [187] . Van der Zande's seminal work demonstrates that, with a straightforward recipe, it is possible to obtain isolated triangular single-layer MoS 2 flakes with edges length in the order of 100 µm at the side of a continuous single-layer film. The quality of the as-grown single layers is proven via luminescence and transmission electron microscopy. The other Mo-and W-based dichalcogenides can also be grown via CVD techniques − See refs. [101, [188] [189] [190] [191] . For more extensive details on the CVD growth of singlelayers of TMDCs and other layered semiconductors we refer the reader to very recent in-depth reviews. [192, 193] . The tables presented in ref. [192] give a comprehensive and clear overview of the growth conditions and properties of the resulting material.
These high quality CVD-grown single layers are then used to fabricate large-area heterostructures via deterministic transfer methods. Figure 16a shows such a vertical heterostructure composed by CVD grown MoS 2 and WSe 2 single layers built on sapphire. The overlap area between the flakes is several square microns large. [194] These heterostructures have been mostly employed in luminescence/Raman studies, [183, 194, 195] second harmonic generation studies [196] and mechanical studies. [186] More recently, the CVD growth technique has been used for direct growth of heterostructures. [176] These epitaxially grown heterostructures include TMDC-on-TMDC, [176, 182] MoS 2 -on-hBN, [197] TMDC-on-graphene, [198] and MoS 2 -onSnS 2 . [199] Figure 16b shows an example of an epitaxially grown heterostructure. The outer triangular shape is singlelayer MoS 2 while the inner triangle is WS 2 .
[182] These CVD grown heterostructures typically assemble as concentric triangles.
Moreover, Gong et al. have shown the possibility to grow lateral (in-plane) heterojunctions of different materials by changing the precursors in the reactor chamber. [176] As shown by Yu et al. [182] , heterostructures built with transfer mechanisms show a reduced charge transfer compared to epitaxially grown ones; the charge transfer is equal after annealing the transferred heterostructures. To conclude, CVD techniques provide a reliable way to grow and fabricate heterostructures of layered semiconductors.
Surface decoration
Surface decoration is a viable way to exploit the large surfaceto-volume ratio to tune the properties of layered semiconductors. In the following paragraph we will discuss surface decoration with colloidal quantum dots. In the next section, which deals with light-matter interaction enhancement, we will also discuss decoration with gold nano structures for plasmonics.
Hybrid MoS 2 /Quantum-dot photodetectors.
Very recently, Kufer et al. [200] have realized hybrid photodetectors based on bilayer MoS 2 and lead sulfide (PbS) quantum dots. The final device was fabricated in two steps; first the bilayer MoS 2 was patterned into an FET and, second, the PbS quantum dots were deposited on top via a layer-by-layer and ligand exchange process. The ligand exchange step is crucial to improve the charge transport properties of the quantum dot film and the charge transfer to the MoS 2 bilayer. The deposition of the QDs affects the I ds −V g characteristics of the bilayer MoS 2 , reducing the ON/OFF ratio and mobility. This is a strong indication that the QD deposition increases the charge carrier concentration in the MoS 2 flake by charge transfer.
This hybrid photodetector shows high responsivity (6 × 10 5 A W −1 ), detection up to λ = 1200 nm ( Figure  16c ) and a time response in the order of 350 ms. Moreover, by tuning the MoS 2 in the OFF state, the dark current can be suppressed, decreasing the NEP and increasing the detectivity of the detector. The low dark current and large detectivity are a major improvement with respect to a similar hybrid device based on single-layer graphene, where the large dark current of the graphene FETs reduces the detectivity. [67] The photodetection mechanisms are a combination of photovoltaic and photo-gating. The electric field at the interface between the n-type MoS 2 and the p-type PbS quantum dot film separates the electron hole pairs that are generated by photon absorption in either of the two materials (photovoltaic). Next, the holes are trapped in the quantum dot film, increasing the photocarrier lifetime and yielding the large responsivity and long response time (photogating).
Enhancing light-matter interaction
Several techniques can be used to further increase light matter interaction in semiconductor devices. The topic of light matter interaction enhancement has been discussed in a recent perspective paper. [201] In this Section, we only highlight three techniques that are relevant for 2D layered materials.
Plasmonic nanostructures. To further boost the photoresponse, plasmonic surface decoration has been recently incorporated in detectors based on layered semiconductors. [23, 202, 203] Plasmonic structures enhance and focus the electric field of the optical excitation in a very small volume, effectively increasing the absorption cross section of the device. This enhancement has a very large effect on the device photoresponse, as can be seen in ref. [23] where the responsivity increases by an order of magnitude once the device is decorated with gold nanoparticles.
Another example of plasmonic nanostructures is presented by an ordered array of metallic objects with dimension and pitch in the order of the excitation wavelength. Figure 16d and 16e show a schematic and an optical micrograph of such a structure consisting of a 2D square lattice of 100-by-1000 nm gold nanoantennas covered by a single-layer MoS 2 . [204] The asymmetry in the dimensions of the nanoantenna makes them sensitive to the polarization of the incoming excitation (or output emission). The pitch between the nanoantennae effects the center resonance wavelength of the plasmonic structure. Such structures can be relatively easily integrated onto photodetectors based on 2D semiconductors to increase their responsivity at a certain wavelength range. Conversely, they can also be applied to LEDs to increase their emission intensity.
Photodetectors integrated onto waveguides. Waveguides are planar structures that can guide an electric field in an analogue way to optical fibers, but confined in a plane. In silicon technology, they are being studied for on-chip optical interconnects at telecommunication wavelengths (λ ∼ 1550 nm) where Si is transparent. At the boundaries of a waveguide, an evanescent field exists. By placing a thin flake of a layered semiconductor on top of a waveguide, this evanescent field can be absorbed by the material and give rise to electron-hole pairs useful for photodetection. Moreover, the interaction with the excitation electric field happens along the in-plane direction, drastically increasing the absorption cross section.
This concept has been used for graphene-based detectors, which achieved higher responsivities and large data-transfer rates. [205] [206] [207] To the best of our knowledge, the only other layered material that has been integrated on such a structure is black phosphorus in a research work by Youngblood et al. [156] that we have highlighted in a previous section.
Optical microcavities. Other layered semiconductors (and especially the TMDCs) would not benefit from integration onto silicon waveguides due to their negligible absorption at telecommunication wavelengths. On the other hand, integration within optical microcavities in the visible greatly enhances light-matter interaction in such thin crystals. Very recently, a few groups have coupled MoS 2 , [208] WSe 2 , [209, 210] and GaSe [211] to optical cavities to study the luminescence and demonstrate nanoscale optically-pumped lasing with very low threshold. Integration of a photodetector within an optical cavity would result in an increased responsivity at the cavity resonant wavelength, of interest for applications that require detection of a specific wavelength.
Suspended devices
Studying devices based on suspended flakes of 2D semiconductors would allow the intrinsic properties of the semiconductor to be distinguished from spurious substrate-induced effects, such as optical interference, charge or phonon scattering. In a recent work, Klots et al. [212] perform photocurrent spectroscopy on suspended MoS 2 , MoSe 2 and WSe 2 devices. The photocurrent spectra they acquire allow the identification of the excitonic resonances that are responsible for photocurrent generation and extract their binding energy. To the best of our knowledge, this is the only study on the photocurrent of suspended devices. This is an interesting future direction for gaining a deeper fundamental understanding of the photoconduction processes. On the other hand, the difficulty arising in suspending the devices may be limiting the current experimental effort. We speculate that employing hBN as a gate dielectric would result in a suppression of impurity scattering and surface phonons (with respect to the common SiO 2 ) and, by carefully choosing the thickness, will also eliminate optical interference effects. Therefore, using h-BN as substrate may yield the same fundamental understanding as suspended devices.
Flexible electronics
Flexible (nano)electronics is an emerging applied research field motivated by the need for bendable/foldable, transparent and functional electronic devices. Layered materials hold great promise to advance this field due to their atomic thickness, high crystalline quality (yielding high mobility), transparency (and yet strong light-matter interaction) and large breaking strength (allowing for large deformations). Another advantage of layered materials lays in the possibility of growing large-area of high crystalline quality material via chemical vapour deposition (CVD) techniques, as described earlier. A recent review highlights the impact of layered materials on the perspectives of flexible electronics. [213] Semiconducting layered materials could offer the basis for flexible transistors [214] ital computation [215] and also the light-absorbing material for flexible photodetectors. [122, 126, [216] [217] [218] [219] Devices are typically built by transferring a flake of a layered semiconductor onto a flexible and transparent substrate, usually a polymer (a recent review on thin-film-based flexible electronics gives an overview of the available substrates [220] ). Electrical contacts are already present on the substrate or they are patterned afterwards lithographically. An example of a bent device is shown in the inset of Figure 16f . [126] .
The performances of such detectors are less than an order of magnitude lower than their analogues on rigid SiO 2 /Si substrates. An interesting case is represented by a flexible photodetector based on few-layer GaS, [122] as its performance is higher than the device built on SiO 2 /Si, stressing again the strong effect of the environment on 2D materials. These devices show some signs of degradation after bending cycles. Figure 16f shows measurements of the photoresponse of a In 2 Se 3 -based flexible photodetector under modulated light excitation from ref. [126] . The traces acquired in the pristine state and in the bent state are very similar, indicating that bending does not affect the photorespose. The green solid trace in Figure 16f is acquired once the bending stress is released and shows a very similar photocurrent and a lower OFF current. The similar photocurrent is again an indication that bending does not affect the photoresponse of In 2 Se 3 . On the other hand, the reduced OFF current is likely an indication of an increased contact resistance due to the bending, most likely induced by degradation of the contact metals.
Very recently, a flexible FET based on few-layer bP on metalized polyimide has shown unaltered electrical performances after 5000 bending cycles; [214] this is a promising indication that long-term stability to bending can be achieved. A further This document is the unedited Authors' version of a submitted manuscript that was subsequently accepted for publication in Chemical Society Reviews, 2015, 44, 3691 -3718 (DOI: 10.1039/C5CS00106D). To access the published version follow http://pubs.rsc.org/en/content/articlehtml/2015/cs/c5cs00106d development would be to integrate flexible and transparent substrates with ionic polymer gating to combine the flexibility and transparency with an efficient field effect tunability. To conclude, we would like to point out that not only photodetectors, but recently also LEDs have been realized on flexbile and transparent substrates. [221] These impressive devices have been realized by employing only 2D materials: hBN as insulator and tunnel barrier, WS2 and MoS2 as semiconducting layers.
Summary and outlook
We have reviewed the current state-of-the-art in photodetection with layered semiconducting materials. Photodetectors based on TMDCs, especially MoS 2 , show large responsivity coupled to slow response times, indicating that these materials can be suitable for sensitive applications in the visible and when time response is not important. MoS 2 also possesses a large Seebeck coefficient, making it a promising material for thermal energy harvesting. Novel materials, such as tri-chalcogenides (TiS 3 ) nanoribbons, III-VI and IV-VI compounds (e.g. GaTe or SnS 2 ), show both large responsivities (larger than MoS 2 photodetectors) and fast response times, making them promising candidates for fast and sensitive photodetection applications. Few-layer black phosphorus and single-layer WSe 2 show ambipolar transport and have been employed in the realization of electrical devices that can be controlled via local electrostatic gating. Black phosphorus has shown sizable and very fast photoresponse at telecommunication wavelengths with orders-ofmagnitude larger responsivity of graphene and comparable response speed, making it an interesting material for optical communications and energy harvesting.
A future direction is represented by the possibility of stacking different 2D materials to form artificial heterostructures, allowing to tailor the resulting opto-electronic properties for a specific application. This has led to ultra-high responsive photodetectors (albeit very slow) based on graphene/MoS 2 vertical stacks. Moreover, heterostructures of different TMDCS and/or graphene show great potential for solar energy harvesting in flexible and transparent solar cells. At this stage, a deeper understanding of the photocurrent and carrier recombination mechanisms is needed for optimization of device performance and large-area growth and transfer techniques will be fundamental for the realization of applications.
From an application perspective, the sizable variation in the figures-of-merit reported by different studies on the same material is an indication that device fabrication, contact metals and measurement environment play an important role in the photodetector performance. Furthermore, the fabrication process of these devices extensively relies on mechanical exfoliation. Both issues may be tackled by using CVD-grown materials, that provide large-area, uniform samples. Integration with current CMOS technology is also an important challenge. Especially the work from Lopez-Sanchez et al. [159, 166] demonstrates that coupling MoS 2 to silicon can be highly beneficial. Again, CVD growth may help in integrating MoS 2 and other TMDCs in CMOS fabrication. 
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